The principle of operation of the periodic action plasma furnace and options for describing the heat-and-chemical processes occurring in such furnaces are considered.
Introduction
Plasma furnaces have become increasingly widespread in industry in recent years.
However, the scientific justification and description of the thermophysical processes taking place in such furnaces has been developed relatively weakly. This circumstance complicates the establishment of rational thermal regimes of these furnaces, as well as their optimal design parameters. That development of scientific basis of design and operation of thermal plasma furnaces is the main content of the work.
Consider the operation of a plasma furnace for remelting chemical and automotive catalysts.
Technology of Plasma Melting Process
The spent chemical catalysts are removed from the carrier containers and brought to a grain size of about 1 mm, suitable for feeding into the plasma furnace. Also suitable material are waste catalytic converters taken from vehicles with an exhausted life, TIM '2018 which are decanted to separate the monolithic ceramic 'mesh' from the stainless steel shell. The surface of the ceramic monolith is coated with a thin layer containing the catalyst (i.e., noble metals). The stainless steel shell is removed and sent for recycling, and the ceramic monolith is crushed into particles of 2 to 8 mm in size.
The crushed catalyst was mixed with a flux (CaO for automotive catalysts, CaO + SiO 2 -for chemical catalysts), magnetite (hematite, Fe 3 O 4 , to provide iron in a metalcollector), and a reducing agent (metallurgical coke, C). The resulting mixture is stirred for 15 to 30 minutes for homogenization, after which it is ready for loading into a plasma furnace.
After the plasma oven has warmed up (according to the heating schedule about 6 hours) and reached stable mode, the initial mixture of materials is fed through the holes in the roof of the furnace using auger conveyors operating at a given speed.
The feed rate is controlled by weight loss in the feeder. Melting and vaporization of volatile provides by plasma arc burning at the tip of the water-cooled cathode 50 mm.
The flux-forming additives guarantee complete melting of the inorganic component in the charge at the operating temperature of the furnace (usually from 1400 to 1800 ∘ C), because the eutectic melting point of the whole composition is provided, and the flux additives also reduce the melt viscosity, ensuring maximum mixing of reagents and a reducing agent in the furnace hearth.
Coke reduces the iron oxide to the metal in the form of droplets, and the bubbles of the resulting carbon monoxide exit through the slag phase, ensuring good mixing of the melt. Iron drops serve as a medium for the dissolution of platinum group metals (hereinafter -PGM). The denser iron-collector and PGMs fall to the bottom of the furnace, and the less dense slag floats on the surface, from where it is continuously removed through the slag tap.
The furnace has a graphite crucible, which holds well the iron-collector and slag; the roof and the upper sections of the furnace are cooled by water and lined with high-quality cast alumina (corundum) refractories, which provide effective thermal insulation. The slag is removed from the furnace in a continuous mode through a submerged channel with a slope to the casting trough. As a sufficient volume of metallic melt accumulates in the graphite crucible, metal is periodically produced. The path of the plasma current circuit passes through two graphite electrodes located in the base of the furnace. Additional openings are provided for the camera, material loading, exhaust air duct, purge gas, temperature and pressure sensors, etc.
The cathode plasmatron is inserted into the furnace roof through a spherical stuffing PGM content in the molten metal is unknown, because it is a trade secret.
The gases leaving the furnace consist mainly of argon (from the plasma torch and purge) and carbon monoxide (from the reduction reactions), it is also possible the presence of some quantities of steam (from moisture in the feed). The off-gases also capture a small amount of solid particles. Effective management of an exhaust fan to maintain the desired suction pressure inside the furnace minimizes the transfer of solid particles from the furnace, but it should be noted that an excessive comminution of the charge material to obtain a fine fraction only aggravates the problem, which will inevitably have to decide during operation of the system.
The gases leaving the plasma furnace enter the oxidizing furnace (secondary combustion chamber), with a minimum operating temperature of 850 ∘ C, while the residence time of the gas phase from the time of introduction of the oxidant is at least 2 seconds. To heat the oxidizing furnace to the desired temperature, an adjustable burner is used. In addition, the blower provides fresh air for combustion in the base of the oxidizing furnace, and the return air for complete combustion and cooling can be introduced independently at the outlet of the oxidizing furnace. Most of the ash and fine particles resulting from the incomplete combustion cycle and leaving the furnace is collected in the bunker of the oxidizer furnace.
The oxidizer furnace is connected to the filtration unit by an air duct, in which there is a rod-cleaning hole and apertures for introducing compressed air, through which short and powerful air injections are delivered to carry the dust to the filtration unit. In the Further, the afterburning and purification from the solid particles, the exhaust gases are sent to the exhaust fan (smoke exhaust) and discharged to the atmosphere through the chimney. The whole process is controlled by an exhaust fan, which creates a low vacuum in the furnace. This ensures that the process gas is retained in the ducts without leakage to the outside. The exhaust fan has a speed adjustment to maintain pressure in the main plasma furnace. Finally, the filtered and purified off-gases are discharged to the atmosphere through a vertical chimney.
This technology is similar to electric arc furnaces, but it has the following advantages:
1. plasma heating is a 'clean technology', there is no contamination of the melt by products of combustion/interaction of graphite electrodes;
2. much less burnt part of the melt (metal) part;
3. good sealing of the furnace allows creating a protective controlled atmosphere (due to the plasma-forming gas), which leads to low oxidation of the smelting products;
4. more uniform and volumetric distribution of heat in the furnace zone;
5. the plasma furnace does not require (as opposed to an electric arc furnace) constant and continuous regulation of the arc length, because there is a certain constant arc length that depends on the current strength and at which the optimal and efficient heat transfer to the melt bath is carried out;
6. lower power consumption with the same melting parameters (mass of processed raw materials, processing time, working volume of the furnace);
7. higher heat output with smaller dimensions. Further distribution of energy into the material is carried out by thermal conductivity.
Thermal Processes in Plasma Heating
Heating of the surface of the material by a plasma arc is provided by forced convective and radiant heat transfer:
For approximate calculations of heat fluxes in the surface, a model of radiative and convective heat transfer is used, based on the theory of the boundary layer [1] . The density of the convective heat flux is determined from the expression:
In the general form, convective surface heating is caused by the transfer of the energy of the plasma arc under the action of heat conduction, diffusion. In practice, a simpler expression is used: The relationship between α and the parameters of the plasma arc is expressed in terms of generalized dependences (Nusselt number, Prandl, Reynolds, etc.); the choice for various cases of interaction of the plasma with the surface is given in [2, 3] . The fraction of radiant energy transfer from the plasma arc to the metal surface is from 2 to 8% of the total energy balance [3] . In the case of pulsed plasma arc proportion of radiant heat transfer increases to 20 ÷ 30%. The radiant flux to the unit area of the surface in the normal direction is determined as follows:
where 1 -is the integral absorptivity of the surface, 
where Pr is the average Prandtl number, When the metal surface is heated by a plasma arc, the heating efficiency increases due to the electron current q :
The additional thermal power due to the electron current is calculated from the expression:
The effective coefficient of efficiency of plasma-arc heating can reach 70 ÷ 85% [3, 6] .
The energy balance of plasma heating at atmospheric pressure is as follows: 70% -convective heat transfer; 20% -electronic current; 10% -radiant heat transfer. When using a plasma arc as a source of thermal energy, the distribution of the heat flux along the heating spot is of the greatest interest. The distribution of the specific heat flux q in the heating spot is approximately described by the law of the normal Gaussian distribution [7] [8] [9] [10] :
where K -is the concentration coefficient characterizing the shape of the normal distribution curve, and, consequently, the energy concentration in the heating spot, q 2 -maximum heat flux.
The concentration coefficient plays a big role in plasma hardening processes, since regulates the heating rate of the surface layer of the metal. The maximum density of the heat flux at the center of the heating spot is related to the concentration factor:
The heat exchange between the plasma arc and the hardened surface occurs in the region of the heating spot, whose nominal diameter is:
At the border of spot heating heat flux is 0.05% of the maximum q 2 [6] . Parameters of the plasma torch operating mode exert a strong influence on the concentration coefficient. With increasing current intensity, K increases. A decrease in the diameter of the nozzle (d ≤ 5) increases K. As the flow of the plasma-forming gas increases, the concentration coefficient has a maximum ( Figure 1 ).
The concentration coefficient is greatly influenced by the method of gas supply, the geometry of the nozzle and the electrode. When using a nozzle with a focusing gas, TIM'2018 
Summary
Only the basic thermo-physical regularities of the interaction of plasma with the mate- 
